Ataxia-telangiectasia (A-T) is an autosomal recessive disease characterized by progressive cerebellar degeneration, immunode®ciencies, genomic instability and gonadal atrophy. A-T patients are hypersensitive to ionizing radiation and have an elevated cancer risk. Cells derived from A-T patients require higher levels of serum factors, exhibit cytoskeletal defects and undergo premature senescence in culture. We show here that expression of the catalytic subunit of telomerase (hTERT) in primary A-T patient ®broblasts can rescue the premature senescence phenotype. Ectopic expression of hTERT does not rescue the radiosensitivity or the telomere fusions in A-T ®broblasts. The hTERT+AT cells also retain the characteristic defects in cell-cycle checkpoints, and show increased chromosome damage before and after ionizing radiation. Although A-T patients have an increased susceptibility to cancer, the expression of hTERT in A-T ®broblasts does not stimulate malignant transformation. These immortalized A-T cells provide a more stable cell system to investigate the molecular mechanisms underlying the cellular phenotypes of Ataxia-telangiectasia. Oncogene (2001) 20, 278 ± 288.
Introduction
Replicative senescence is a phenomenon observed in explanted mammalian cells, where they undergo a limited number of cell divisions and then become permanently arrested (Hay¯ick and Moorhead, 1961) . At senescence, cells are viable and metabolically active but no longer divide. This arrest in cell division is associated with critically shortened telomeres (Harley et al., 1992) . Mammalian telomeres are composed of tandem arrays of (TTAGGG) n repeat sequences and telomere binding proteins that block the chromosomal ends from being recognized as broken DNA. Telomeres are synthesized and maintained by telomerase, which is an RNA dependent DNA polymerase. Telomerase consists of both an integral RNA component (hTR) which serves as the telomeric template and a catalytic protein component (hTERT) which has reverse transcriptase activity (see Greider, 1996 ; Harley and Sherwood, 1997 for reviews). The template RNA (hTR) is widely expressed in many cell types. By contrast, expression of the hTERT protein is limited to germ cells and certain stem cells. Most cancer cells also express the catalytic subunit hTERT and are able to maintain stable telomere lengths through an inde®nite number of cell divisions (for reviews see Holt et al., 1996; Shay et al., 1996) .
Expression of ectopic hTERT has been demonstrated to prevent replicative senescence in several normal cell types including ®broblasts and epithelial cells (Bodnar et al., 1998; Vaziri and Benchimol, 1998; Wang et al., 1998) . Recently it has been demonstrated that TERT may exert its anti-apoptotic action at an early stage of the cell death process prior to mitochondrial dysfunction and caspase activation (Fu et al., 2000) . Immortalization of human keratinocytes and mammary epithelial cells in cell culture can also be achieved by hTERT expression in conjunction with the cell culture induced loss of p16-dependent cell cycle control, although this data is subject to other interpretations (Dickson et al., 2000; Kiyono et al., 1998) . These observations support the hypothesis that replicative senescence results from telomere shortening.
Replicative senescence can be accelerated by speci®c mutations that cause some human diseases. Among them is Ataxia-telangiectasia (A-T) which is a rare autosomal recessive disorder characterized by progressive cerebellar degeneration, premature aging, growth retardation, speci®c immunode®ciencies, genomic instability and gonadal atrophy (for reviews see Harnden 1994; Lavin and Shiloh, 1997; Rotman and Shiloh, 1999; Shiloh, 1995) . A-T patients have an increased sensitivity to ionizing radiation and an elevated incidence of cancer. Cells derived from A-T patients show an increase in chromosome end-to-end associations, suggesting defects with their telomeres (Pandita et al., 1995; Smilenov et al., 1997 Smilenov et al., , 1999 . The gene mutated in A-T, ATM, encodes a protein kinase that is distantly related to the yeast MEC1 and TEL1 proteins that function in maintaining the integrity of telomeres (Savitsky et al., 1995a,b) . ATM has been shown to activate throughout the cell cycle and phosphorylate a number of nuclear proteins, including the nuclear c-Abl tyrosine kinase (Baskaran et al., 1997; Pandita et al., 2000; Shafman et al., 1997) , the tumor suppressor protein p53 (Canman et al., 1998; Siliciano et al., 1997) , the breast cancer susceptibility gene product BRCA1 (Cortez et al., 1999) , the human checkpoint kinase hCds1/chk2 (Chaturvedi et al., 1999; Matsuoka et al., 1998; Tominaga et al., 1999; Zhou et al., 2000) , and the Nijmegen Breakage Syndrome gene product NBS1 . This network of ATMmediated phosphorylation events regulate cell cycle checkpoints and contribute to the processing of DNA double strand breaks following ionizing radiation (Lavin and Khanna, 1999; Wang, 2000) . However, the precise mechanism by which ATM may regulate the structure and function of telomeres is currently not understood.
The premature senescence of primary cells from A-T patients make it dicult to study the cellular and molecular basis of A-T defects in culture. Likewise, primary cells from the Atm-knockout mice have been dicult to culture in that they undergo arrest almost immediately upon explantation from the mouse (Barlow et al., 1996; Elson et al., 1996; Xu and Baltimore, 1996) . Previously, several lines of immortalized human A-T cells have been created through the expression of SV40 T-antigen or infection with human EBV. However, the presence of the oncoproteins has complicated the interpretation of the data obtained. The ATM gene product has a role in cell cycle progression following irradiation; however, the majority of the oncoproteins utilized to immortalized cell lines block the function of the p53 and Rb genes, both critical in the establishment of cell cycle checkpoint (Picksley and Lane, 1994) . Furthermore, previous studies have implicated ATM in activating the transcription factor NF-kB following exposure to ionizing radiation (Jung et al., 1995; Lee et al., 1998) . However, a recent report has shown that IR does not activate NF-kB in primary A-T cells, and attributed the previous ®nding to the eect of T-antigen (Ashburner et al., 1999) . These controversies emphasize the importance of using primary A-T de®cient cells to study ATM-regulated pathways. Towards this end, we tested whether A-T patient cells can be immortalized through the expression of hTERT.
Results

Expression of hTERT in human ataxia telangiectasia fibroblasts expands lifespan
Primary ®broblasts derived from ataxia telangiectasia individuals have a severely limited lifespan in cell culture as compared to ®broblasts from normal individuals. Ectopic expression of the human telomerase reverse transcriptase (hTERT) a subunit of telomerase, can immortalize normal human ®bro-blasts (Bodnar et al., 1998; Vaziri and Benchimol, 1998) . We determined the eects of ectopic expression of hTERT in two primary A-T ®broblast cell strains GM02052 and GM05823. Stable GM02052 and GM05823 cell populations (hTERT+) were generated by infection of GM02052 cells at 36 PD and GM05823 at 40 PD with hTERT-expressing retrovirus as previously described (Halvorsen et al., 1999; Ouellette et al., 1999) . GM02052 and GM05823 cells were also infected with control empty retroviral construct. These cells were selected and expanded as polyclonal populations. Expression of hTERT protein was assayed by immunostaining with a rabbit polyclonal antibody ( Figure 1A) . No staining or telomerase activity was observed in the parental strain expressing the control construct while positive staining was seen in the hTERT infected cells. Telomerase activity measured by the telomeric repeat ampli®cation protocol (TRAP assay) or TRAP-ELISA was absent in the uninfected or vector control infected cells but present following hTERT-infection both prior to and following drug selection (36 and 40 PD respectively) ( Figure 1B ,C). GM02052 and GM05823 hTERT+ cells remained positive for telomerase activity after expansion, and these cells have exceeded 150 PD. The level of telomerase activity in A-T ®broblasts with ectopic expression of hTERT appeared threefold higher than that of normal ®broblasts with ectopically expressing hTERT.
Cells infected with control or hTERT-expressing viruses were passaged continuously following drug selection. Within 15 PD, uninfected and controlinfected (hTERT7) GM02052 and GM05823 cells ceased proliferating. The cells increased in size and exhibited an altered morphology, consistent with changes associated with replicative senescence (compare Figure 2C ,D to A,B). Moreover, the majority of the control cells, (hTERT7) GM02052 clones (PD 42, PD 40), stained strongly positive for senescenceassociated b-galactosidase activity (Bodnar et al., 1998; Dimri et al., 1995) (Figure 2C,D) . The level of SA-b-Gal staining was similar to that seen in senescent normal human ®broblasts (data not shown). In contrast, hTERT-expressing A-T and normal cells that were at similar or greater population doublings proliferated to con¯uency, maintained their original morphology, and demonstrated much less SA-b-Gal activity ( Figure 2A ,B,E).
To determine whether SA-b-Gal levels in the dierent cell populations correlated with cell growth, cells were labeled for 48 h and the percentage of cells incorporating BrdU determined. Greater than 75% of both normal and A-T ®broblasts expressing hTERT incorporated BrdU at PD 60, indicating that the majority of the cultures were actively growing ( Figure  2F ). In contrast, less than 20% of the control GM02052 at PD 50 ( Figure 2F ) and 26% of the control GM05823 cells (data not shown) incorporated BrdU, indicating cessation of growth. Similar to the hTERT negative parental A-T ®broblasts, we found that the hTERT+ GM02052 and GM05823 cell lines grew more slowly than the hTERT+ normal ®bro-blasts. This slower growth pattern is also re¯ected in the low percentage of cells incorporating BrdU and the occasional appearance of SA-b-Gal cells. Nevertheless, the hTERT+ GM02052 cells were still proliferating after PD 150 whereas the control GM02052 cells had reached complete senescence by PD 54. at dierent concentrations of cell extracts. Telomerase activity is expressed as relative percentage of the absorbance. Telomerase activity was determined at concentrations below 0.01 mg per assay, because the telomerase activity plateaued above 0.1 mg per assay. Note the variation in telomerase activity between hTERT+ A-T and hTERT+ normal cells. A-T cells have the highest telomerase activity
Telomere lengthening in A-T cells
Telomeres progressively shorten as cells age in culture, however ectopic expression of hTERT can prevent this shortening of telomeres and extend the lifespan in normal human ®broblasts. The eect of exogenous hTERT on A-T cells was determined by measuring telomere lengths in hTERT+ GM02052 and hTERT+ GM05823 cells, and compared to near senescence and senescent control cells. The terminal restriction fragment (TRF) size of GM02052 and GM05823 at approximate PD 40 (time of infection) is 7.0 and 7.8 kb respectively, consistent with the previous reports (Smilenov et al., 1999) . Telomeres progressively shortened in control cells reaching an average TRF length of 5.0 ± 6.0 kb at near senescence ( Figure 3 ). However, expression of hTERT prevented most of this shortening, yielding the average TRF length of 6.7 and 5.9 Kb in two separate clones of GM02052 cell lines at PD 58 and PD 95. Similar phenomena was observed in several clones of GM05823 expressing hTERT, yielding the average TRF length of 12.7 kb and 7.9 Kb in two separate clones of GM05823 cell line at PD 75 (data not shown). The variability between the telomere lengths in the independent lines may be due to dierences in interclonal variability. All hTERT+ GM02052 and GM05823 cells are still proliferating. The telomere lengthening in hTERT+ A-T cells is similar to the These results demonstrate that ectopically expressed hTERT is able to maintain or extend the endogenous telomeres in ataxia telangiectasia ®broblasts and that telomeres are maintained at later passages.
Since accelerated loss of telomeres is reported in A-T cells, we were interested in determining whether expression of hTERT could compensate for this loss. By Southern-blotting, we found dierences in average TRF sizes when comparing DNA derived from cells with and without ectopic expression of hTERT in A-T cells. However, this analysis only yields an approximation of the population of TRFs generated, and does not monitor ends of individual chromosomes. We speci®cally examined this question by performing in situ hybridization, which allows us to determine the telomeres of individual chromosome ends. Flourescent in situ hybridization (FISH) for telomeric repeats in metaphase cells was done by using a telomere speci®c 
Chromosome end-to-end associations
A-T cells show a prominent defect at chromosome ends in the form of chromosome end-to-end associations, also known as telomeric associations, seen at G1, G2 and metaphase (Pandita et al., 1995) . Recently, we have shown that the ATM gene product, in¯uences chromosome end associations and telomere length (Smilenov et al., 1997 (Smilenov et al., , 1999 . To determine whether the activation of telomerase by ectopic expression of hTERT in¯uences the stability of telomeres, we examined the frequency of cells with telomere associations in A-T ®broblasts with and without hTERT. We examined 200 metaphases for each cell type (Table 1) . A-T ®broblasts (GM05823) with hTERT expression have 0.13 telomere associations per metaphase compared to GM05823 without hTERT, which has 0.135 telomere association per metaphase. Another A-T ®broblast cell line (GM02052) has 0.08 telomere association per metaphase, compared to 0.075 telomere association per metaphase in GM02052 without hTERT. These observations suggest the telomere end-association defect in A-T ®broblasts might not be a direct result of short telomeres since it was not corrected by hTERT. Furthermore, telomere signals were seen in about 13% fusion sites, indicating complete loss of telomeres is not required for telomere fusions in A-T cells.
Effect of hTERT expression on proliferation markers and tumorigenesis in A-T fibroblasts
Biochemical studies have established an association between telomere maintenance by hTERT and cellular immortalization. In most transformed cell populations, upregulation of telomerase is required for immortality, and telomerase activity is detected in most human tumors. Thus, we investigated the levels of cell proliferation markers, expression of oncoproteins, and the tumorigenic potential of A-T ®broblasts expressing ectopic hTERT. We determined the in¯uence of hTERT on the expression of seven dierent proteins that are linked with cell proliferation and oncogenesis in A-T and normal cells. We found that there are no signi®cant dierences in the expression of PCNA, an accessory factor of DNA polymerase that re¯ects the proliferative activity of the cells ( Figure 5 ). However, there is a signi®cant increase in protein levels for ER, PgR, HSP and ErbB-3 both in A-T and normal ®broblasts with ectopic expression of hTERT compared to ®broblasts without hTERT expression, suggesting upregulation of these genes might be required for immortalization, but not for the tumori- hTERT+ clone 1 PD 58 (6.7 kb), hTERT+ clone 2 PD 95 (5.9 Kb) and parental PD 42 (5.6 Kb). The mean TRF lengths for the normal HFF are hTERT+ clone 1 (7.1 Kb), hTERT+ clone 2 (6.7 Kb), parental HFF at time of infection (6.4 Kb) and control at senescence (5.6 Kb) genic transformation. The protein levels of the tumor suppressor genes like Tsg101 and ErbB-2 were similar in A-T and control cells with and without ectopic expression of hTERT gene ( Figure 5) .
We investigated the tumorigenic potential of both of the hTERT+ A-T ®broblast cell lines by injection of 2610 6 cells into the leg muscles of four Nu/Nu mice. No tumors were formed by hTERT+ A-T cells after 120 days, whereas RKO cells produced the tumors (data not shown).
Defective cell cycle checkpoints in response to ionizing radiation are still present in hTERT+ A-T cells
Recently, it was shown that the p53-dependent G1 checkpoint in response to ionizing radiation was intact in normal human ®broblasts expressing hTERT (Jiang et al., 1999; Morales et al., 1999; Vaziri et al., 1999) . A hallmark characteristic of A-T cells is the loss of DNA damage induced cell cycle checkpoints (for review see, Meyn, 1995; Morgan and Kastan, 1997; Rotman and Shiloh, 1999) . To determine whether telomerase activity aects the DNA damage induced cell cycle response in A-T ®broblasts, hTERT+ GM02052 cells were exposed to 8 Gy of ionizing radiation. Fourteen hours following exposure, cell cycle analysis was performed. Normal ®broblasts expressing hTERT showed a signi®cant decrease in S phase entry indicating G1 arrest, while there was not a signi®cant decrease in S phase entry in irradiated hTERT+ GM02052 cells (Figure 6a) . Similar results were observed in the hTERT+ GM05823 cells following 2 Gy radiation dose (data not shown). The loss of the G1 checkpoint seen is similar to the parental GM02052 and GM05823 cells indicating that this phenotype is preserved in hTERT immortal A-T cells. Figure 5 Expression of cell proliferation markers in telomerase expressing A-T patient ®broblasts. Relative amounts of dierent proteins in GM02052 (control) and GM02052+ hTERT cells was quantitated using a computer program which gives the area and intensity of the staining. Note three of the proteins (HSP, PgR and Erb-3) are expressed more in GM02052+ hTERT cells compared to control GM02052. The dierences are statistically signi®cant Comparison of frequency of chromosome end-to-end associations at metaphase in cells with and without ectopic expression of hTERT. Metaphases from primary ®broblasts for chromosome end associations were examined at population doubling of 34 and ®broblasts with hTERT expression were examined at population doubling of 60. Note there is no signi®cant dierence in the frequency of chromosome end associations at metaphase in A-T cells with and without hTERT. There is a signi®cant dierence in the frequency of chromosome end associations between HFF and HFF+hTERT cells
In addition to the G1 checkpoint, ionizing radiation (IR) causes a transient inhibition of DNA replication. Cells from A-T individuals and Atm de®cient mouse ®broblasts exhibit radioresistant DNA synthesis (RDS) (Barlow et al., 1996; Baskaran et al., 1997; Painter and Young, 1980) . Normal ®broblasts expressing hTERT showed an inhibition in DNA synthesis similar to their parental cells following IR exposure ( Figure 6B ). In contrast, both the parental and hTERT+ A-T cells (GM02052 and GM05823) showed radioresistant DNA synthesis. These results indicate that hTERT expression extends the proliferative life span of A-T cells without altering the fundamental phenotype, as characterized by loss of IR-induced cell cycle checkpoints.
Chromosomal damage and radiation sensitivity in hTERT+ GM02052 and hTERT+ GM05823 fibroblasts
The eect of telomerase activity on ionizing radiation induced chromosome damage repair was examined in A-T ®broblasts with and without hTERT. G1 chromosome damage was examined after irradiating contact inhibited cells with 1 Gy of gamma rays. Cells were subcultured 24 h after treatment and ®rst metaphases were examined for the G1 type of chromosome aberrations as described previously . A-T ®broblasts (GM02052 and GM05823) with and without hTERT showed chromatid as well as chromosome type aberrations; however, control cells showed only chromosome type aberrations. No dierence in the G1 type of aberrations was found between the A-T ®broblasts with and without hTERT. The levels of chromosome aberrations in the separate A-T cell lines were fourfold higher than the normal cells (data not shown), indicating the defective G1 repair is not corrected in A-T cells by the ectopic expression of hTERT.
To determine the in¯uence of hTERT on the G2 type of chromosome damage after ionizing radiation treatment, the level of chromosomal damage was examined 45 min following irradiation (Figure 7) . The presence of Absorbed dose (Gy) 
Chromatid breaks + gaps per metaphase
Figure 7 G2-type chromosomal aberrations in hTERT expressing A-T ®broblasts. Metaphase chromosome spreads were harvested in log-phase growth with no irradiation (untreated) or harvested at 45 or 90 min following 1 Gy of ionizing radiation treatment and examined for chromatid breaks and gaps. The chromosomal damage is expressed as the number of chromatid breaks and gaps per metaphase cell telomerase had no eect on the numbers of chromosomal breaks or gaps. Normal ®broblasts repaired the initial damage rapidly as shown by the reduction in chromosomal breaks and gaps by 90 min post irradiation. In contrast, A-T ®broblasts did not repair the damage, and the presence or absence of exogenous hTERT did not aect the outcome (Figure 7) . These results indicate that the chromosomal repair following IR is still defective in hTERT expressing A-T ®broblasts. Cells derived from A-T patients are more sensitive to ionizing radiation as compared to cells from normal individuals. Both parental and hTERT expressing A-T ®broblasts (GM02052 and GM05823) were exposed to various doses of ionizing radiation. Cell colonies were scored and plotted against the radiation dose ( Figure  8) . A-T cells exhibited an increased sensitivity compared to hTERT expressing normal ®broblasts. The presence of hTERT slightly improved the survival of the GM02052 cells but not of GM05823. This probably re¯ects the fact that the GM02052 cells were assayed only 8 ± 10 doublings prior to senescence, when clonogenicity in the absence of treatment is already compromized in the hTERT7 control cells. The mild change in clonogenicity in the irradiated hTERTexpressing cells probably re¯ects the reduction of the signal from too-short telomeres rather than any fundamental change in the damage-response pathway. These results demonstrate that expression of telomerase does not signi®cantly in¯uence the radiosensitivity of A-T patient ®broblasts.
Discussion
We demonstrate that expression of the catalytic subunit of telomerase extends the lifespan of ®broblasts derived from two dierent ataxia-telangiectasia individuals without changing their phenotypic properties. The parental A-T primary ®broblasts (GM02052 and GM05823) exhibited the hallmark characteristics of senescence quite early during culture including the increase in size, appearance of SA-b-Gal staining and cessation of DNA replication. Though expression of hTERT extended the lifespan of both the GM02052 and GM05823 cells, we still observed the occasional appearance of SA-b-Gal cells. DNA damaging agents (ionizing radiation, bleomycin) are known to induce SAb-Gal positivity (Robles and Adami, 1998). We suggest that the occasional SA-b-Gal (+) cell in the hTERT cells re¯ects the consequences of DNA damage (chromosome end-to-end associations) events in the A-T cells. The presence of end-to-end chromosome associations suggest that such cells could have still altered telomere nuclear matrix interactions as has been reported previously (Smilenov et al., 1999) , and such altered telomere interactions may in¯uence the senescence signaling mechanism. Alternatively, though hTERT lengthened the mean telomere length, it may be possible that a separate triggering event occurs in conjunction with the loss of ATM expression leading to the low level but continual entry into senescence of the hTERT+ A-T cell population. These hTERT+ A-T cells also continued to grow slowly as compared to normal human ®broblasts expressing hTERT. This indicates that though hTERT can extend the lifespan, the overall growth properties of the cells are not aected.
ATM has regions of homology with the yeast TEL1 gene which is involved in telomere length maintenance (Greenwell et al., 1995) . A-T cells have increases in telomeric associations and shortened telomeres (Kojis et al., 1991; Pandita et al., 1995; Smilenov et al., 1997) . In addition, cells isolated from A-T patients have been reported to have an accelerated shortening of telomeres over time (Metcalfe et al., 1996) . Despite the prematurely shortened telomeres in the GM02052 cells, forced expression of telomerase was sucient to maintain the telomeres over many doublings. This indicates that loss of A-T signaling did not prevent exogenous telomerase from lengthening the telomeres. On the other hand, the lengthening of telomeres did not rescue the increased frequency of chromosome end association in A-T cells. A possible hypothesis explaining these results is that the defective telomere metabolism in hTERT+ A-T cells are not due to telomere length but due to altered interactions between the telomere DNA and the nuclear matrix as reported recently (Smilenov et al., 1999) . Altered telomere nuclear matrix interactions as well as nucleosomal periodicity has been observed in A-T cells before as well as after cells were irradiated with ionizing radiation. A-T cells with short as well as long telomeres were found to have altered interactions between the telomere DNA and the nuclear matrix, suggesting that telomere length has no in¯uence on telomere metabolism.
A-T patients are prone to develop cancer (Easton, 1994; Hecht and Hecht, 1990 ). Though expression of telomerase activity is an important step in tumor development (Hahn et al., 1999) , we found that expression of telomerase in A-T patient cells did not aect the tumorigenic potential of these cells. Neither A-T patient cell lines formed tumors after injection in mice regardless of hTERT expression. Previous work has shown that telomerase expression was not able to transform normal cells (Morales et al., 1999; Vaziri et al., 1999) . Our work suggests that the additional loss of ATM signaling with telomerase expression is still not sucient to transform cells and that further genetic changes are necessary for malignant transformation.
Telomerase activity did not aect the chromosomal aberrations in A-T cells, because relative to controls, there were higher levels of spontaneous, initial and residual chromosomal damage following irradiation in the A-T ®broblasts. Expression of hTERT did not aect these phenotypes. In agreement with the literature, we ®nd that the A-T patient ®broblasts still exhibit increased levels of chromosome breaks compared to the normal ®broblasts, which quickly repaired the induced chromosomal damage. Expression of hTERT does not aect the level of chromosome breaks seen in A-T cells. Telomerase has been suggested to protect broken chromosomal ends by adding telomeric repeats and stabilizing the DNA ends. The contribution of these protected chromosomal ends to DNA repair and overall cell survival is not likely since enhanced cell survival was not detected in hTERT expressing normal ®broblasts (Vaziri et al., 1999) . Likewise, we show that hTERT expression in A-T ®broblasts did not enhance cell survival following exposure to ionizing radiation. There is an increase in cell survival in one A-T cell line (GM02052) following low doses of irradiation in hTERT expressing A-T cells as compared to the parental A-T line; however, the dierence is not statistically signi®cant. The A-T cell line (GM05823) did not show any change in the survival after treatment with ionizing radiation.
With the increased capacity of long-term growth in culture, these hTERT+ A-T ®broblasts provide a system in which to decipher the molecular pathways regulated by ATM: including mechanisms that regulate cell cycle checkpoints, genomic integrity and cellular survival following irradiation.
Materials and methods
Cell culture and retroviral infection
GM02052 and GM05823 ®broblasts are derived from individuals with ataxia telangiectasia (Coriell Institute, Camden, NJ, USA). The normal human primary ®broblasts (HFF) used in these studies were Basinger cells (Halvorsen et al., 1999) . Cells were cultured according to the procedure described recently (Smilenov et al., 1999) . Retrovirus preparation and infection of GM02052 cells with the hTERT-expressing LTRTNLlox vector and GM05823 cells with pBabepuro-hTERT vector were done as described previously (Halvorsen et al., 1999; Ouellette et al., 1999) . GM02052 cells were infected at about 36 population doublings (PD) and GM05823 cells were infected at about 40 PD. GM02052 cells and GM05823 cells were selected in 400 ng/ml G418 and 750 ng/ml puromycin, respectively; resistant hTERT+ and vector only polyclonal populations were obtained and expanded.
Telomerase assay
Pooled stable clones were analysed for telomerase activity by the telomeric repeat ampli®cation protocol (TRAPeze telomerase detection kit, Oncor, Gaithersburg, MD, USA) and TRAP-ELISA (Boehringer Mannheim, Indianapolis, IN, USA). After the PCR step, reaction products were analysed either by PAGE (10%) followed by autoradiography as described previously (Kim et al., 1994; or by ELISA .
Immunocytochemistry
hTERT immunostaining was carried out using TERT antibody (Fu et al., 2000; Vaziri et al., 1999) . Brie¯y, paraformaldehyde ®xed cultured cells were incubated for 5 min in PBS containing 0.2% Triton X-100 in PBS followed by a 30 min incubation in 2% normal goat serum in PBS. TERT antibody was then added to a ®nal dilution of 1 : 1000 and cells were then incubated overnight at 48C. Cells were washed and incubated with a secondary goat anti-rabbit Cy3-conjugated antibody (Vector Labs).
Immunostaining of PCNA, ERa, PgR, HSP27, Tag 100 and ErbB-3 proteins were performed as described earlier Smilenov et al., 1998; Calaf and Hei, 2000) . The antibodies were obtained from Santa Cruz, CA, USA. Fluorescent images were collected using Adobe Photoshop and printed on Kodak DS 8650 (Rochester, NY, USA). A semi-quantitative estimation based on the relative amounts of proteins expressed by cells was determined by the use of Adobe Photoshop, which gives the area and the intensity of staining. The median of rhodamine¯uorescence of the immunostained sample minus the median of the rhodaminē uorescence of the control sample was used as a measure of the relative level of the protein. The number of immunoreactive cells (30 cells per ®eld) was counted in several randomly selected microscopy ®elds (6400) per sample. Statistical analysis was done with the F-test and comparison between cells with and without hTERT with the Bonferroni (Dunn) t-test with signi®cance of P50.05.
Tumorigenic assay
Eight-weeks-old NMRI nu/nu male mice were maintained in a speci®c pathogen-free mouse colony for the duration of the experiments. Mice were randomly distributed 5/cage and each mouse was labeled with a code on the ear. Two million exponentially growing hTERT+ GM02052 and hTERT+ GM05823 cells in a volume of 20 ml were injected subcutaneously in the right thigh. Mice were checked daily for tumor appearance. RKO cells, which are known to produce tumors in such mice, were used as a positive control .
Detection of telomeres and terminal restriction fragment analysis
Detection of telomeres on metaphases was done bȳ uorescence in situ hybridization (FISH) using a telomere speci®c probe (Pandita et al., 1995) . For terminal restriction fragment (TRF) analysis, DNA was isolated from exponen-tially growing cells by a procedure described earlier (Halvorsen et al., 1999; Pandita et al., 1995) . Brie¯y, equal amounts of genomic DNA was isolated by a proteinase K digestion protocol, digested with HinfI and RsaI restriction enzymes and separated on a 0.6% agarose gel. Following transfer to a positively-charged nylon membrane, DNA was probed with radiolabeled (CCCTAA) 5 . Mean telomeric restriction fragment (TRF) lengths were calculated as previously described (Halvorsen et al., 1999; Smilenov et al., 1999) .
Senescence-associated b-Galactosidase (SA-b-Gal) staining Cells were plated at subcon¯uent densities on coverslips. Cells were ®xed and stained for SA-b-Gal as described (Dimri et al., 1995) . Brie¯y, cells were washed in PBS, ®xed in 3.7% formaldehyde and incubated at 378C overnight without CO 2 in SA-b-Gal stain solution, pH 6.0.
BrdU labeling
To determine actively replicating cells, cells were plated at subcon¯uent densities on coverslips in duplicate and were pulsed with bromodeoxyuridine (BrdU) (65 mM) for 48 h, ®xed and stained for incorporated BrdU as previously described (Knudsen et al., 1998) . Two hundred cells were counted per coverslip. BrdU incorporation was determined for both the passage numbers indicated with the SA-b-Gal staining and the subsequent cell passage.
Cell cycle analysis and DNA synthesis
To determine the proportion of S phase cells following irradiation, cells were pulsed with BrdU (10 mM) for 30 min. Cells were ®xed and stained with a¯uorescein isothiocyanateconjugated anti-BrdU antibody and propidium iodide as previously described (Baskaran et al., 1997) . The stained cells were analysed with a FACScan (Becton-Dickinson) using CellFit software. To measure the rate of DNA synthesis, cells were uniformly labeled by culturing in 14 C-thymidine (10 nCi/ ml) for 48 h; radioactive media was removed and fresh media was added 12 h prior to irradiation. Cells were irradiated and pulsed 1 h later with [ 
Chromosomal studies
Metaphase chromosomes were prepared by a procedure described earlier (Pandita et al., 1995) . Metaphase chromosome spreads were harvested in log-phase growth with no irradiation (untreated) or harvested at 45 or 90 min following 1 Gy of ionizing radiation treatment and examined for G2-type chromosomal breaks and gaps. To determine G1 type chromosomal aberrations, procedure described previously was followed . Giemsa-stained chromosomes from metaphases were analysed for chromosome end-to-end associations.
Radiation survival assay
Cells (5610 5 ) in an exponential phase of growth were plated into 60 mm dishes in 5.0 ml of medium, incubated for 24 h, and subsequently irradiated at several low doses with gamma rays. The number of cells per dish was chosen to ensure that about 50 colonies could survive a particular treatment. Cells were incubated for 12 days, ®xed with methanol : acetic acid (3 : 1), and stained by crystal violet. Only colonies containing 450 cells were scored as deriving from viable clonogenic cells.
